Aims/hypothesis Cardiac autonomic nervous dysfunction (CAND) raises the risk of mortality, but the glycaemic threshold at which it develops is unclear. We aimed to determine the prevalence of, risk factors for and impact of CAND in glucose intolerance and diabetes. Methods Among 1,332 eligible participants aged 55-74 years in the population-based cross-sectional KORA S4 study, 130 had known diabetes mellitus (k-DM), and the remaining 1,202 underwent an OGTT. Heart rate variability (HRV) and QT variability were computed from supine 5 min ECGs. Results In all, 565 individuals had normal glucose tolerance (NGT), 336 had isolated impaired fasting glucose (i-IFG), 72 had isolated impaired glucose tolerance (i-IGT), 151 had combined IFG-IGT (IFG-IGT) and 78 had newly detected diabetes mellitus (n-DM). Adjusted normal HRV limits were defined in the NGT population (5th and 95th percentiles). Three HRV measures were more frequently abnormal in those with k-DM, n-DM, IFG-IGT and i-IFG than in those with NGT (p<0.05). The rates of CAND (≥2 of 4 HRV indices abnormal) were: NGT, 4.5%; i-IFG, 8.1%; i-IGT, 5.9%; IFG-IGT, 11.4%; n-DM, 11.7%; and k-DM, 17.5% (p<0.05 vs NGT, except for i-IGT). Reduced HRV was associated with cardiovascular risk factors used to construct a simple screening score for CAND. Mortality was higher in participants with reduced HRV (p<0.05 vs normal HRV). Conclusions/interpretation In the general population aged 55-74 years, the prevalence of CAND is increased not only in individuals with diabetes, but also in those with IFG-IGT and, to a lesser degree, in those with i-IFG. It is associated with mortality and modifiable cardiovascular risk factors which may be used to screen for diminished HRV in clinical practice.
Introduction
During the past two decades, there has been considerable interest in the relations of fasting glucose and 2 h post-load glucose with cardiovascular morbidity and mortality [1, 2] . Accumulated evidence has shown that 2 h post-load glucose is a stronger risk predictor than fasting glucose of incident coronary heart disease and cardiovascular mortality [3, 4] . However, whether impaired fasting glucose (IFG) and impaired glucose tolerance (IGT) are associated with a higher risk of cardiovascular autonomic neuropathy (CAN) is a matter of ongoing debate [5] [6] [7] . A limited number of studies have reported contradictory data on whether reduced heart rate variability (HRV) may be more frequently encountered in persons with IFG and IGT than in those with normal glucose tolerance (NGT) or normal fasting glucose (NFG) in representative populations [8] [9] [10] [11] [12] [13] [14] [15] [16] . Several relatively small clinic-based studies which were not representative for the general population were also published [17] [18] [19] [20] [21] [22] [23] . No studies have established the normal limits for HRV variables adjusted for the most relevant confounding variables to provide the prevalence rates of abnormalities in HRV indices across the complete spectrum of glucose intolerance. Traditionally, HRV has been quantified using indices in the time domain (statistical and geometric analysis) and frequency domain (spectral analysis). More recently, methods derived from nonlinear dynamics (NLD) have provided new insights into HRV changes in various diseases [24] . Examples for measures derived from NLD include: (1) the Poincaré plot, a quantitative visual technique, in which the shape of the plot is categorised into functional classes; (2) entropy measures which assess the regularity/irregularity or randomness of heartbeat fluctuations; and (3) symbolic dynamics which allow a simple description of the coarsegrained dynamics of HR fluctuations using a limited amount of symbols [24] .
In addition to HRV, temporal fluctuations in ventricular repolarisation can be quantified by measuring beat-to-beat variability in the QT interval [25, 26] . The QT variability index (QTVI) is a noninvasive measure of repolarisation lability and has been defined as the ratio of normalised QT variability to normalised HRV; it therefore includes an assessment of autonomic nervous system tone [25] . Higher QT variability has been found in patients with cardiovascular disease and is regarded as an indicator of cardiac sympathetic activation and predictor of mortality and sudden death [26] .
In the present study, we aimed to determine the prevalence of and risk factors associated with cardiac autonomic nervous dysfunction (CAND) and its impact on mortality. We also aimed to construct a simple score to screen for CAND in clinical practice, using a comprehensive array of linear and nonlinear indices of HRV and QT variability (some of which have not been previously used) across the complete spectrum of glucose intolerance, compared with individuals with NGT and those with newly detected and known diabetes mellitus (n-DM and k-DM, respectively).
Methods
Study population The present analysis is based on the KORA S4 study, a population-based health survey conducted in the city of Augsburg and two surrounding counties between October 1999 and April 2001. The study was approved by the local ethics committee and all participants gave written informed consent. The details of the study design have been described elsewhere [27] . Briefly, a total sample of 6,640 individuals was drawn in a two-stage cluster sample from the target population consisting of all German residents of the region aged 25-74 years, 4,261 (64.2%) of whom participated in the S4 survey. All participants aged 55-74 years (n=2,656) were invited to undergo an OGTT, and 62% (n=1,636) agreed [27] . Among these, 304 had to be excluded because of atrial fibrillation or flutter, left and right bundle-branch block, 2nd and 3rd degree atrioventricular block or sinoatrial block, multiple supraventricular or ventricular extrasystoles, pacemaker therapy, treatment with class I antiarrhythmics or uncertain fasting state at OGTT start. The present analysis focused on the remaining 1,332 participants aged 55-74 years. Previously known diabetes was defined on the basis of a self-reported physician diagnosis or the use of glucoselowering drugs. Diabetes was known in 130 of the 1,332 participants; the remaining 1,202 volunteers underwent an OGTT, which showed that 565 persons had NGT, 336 had isolated IFG (i-IFG), 72 had isolated IGT (i-IGT), 151 had combined IFG-IGT (IFG-IGT) and 78 had n-DM according to the criteria of the ADA [28] . All-cause and cardiovascular mortality were assessed over 7 years. Cardiovascular mortality was defined by ICD-9 codes 390-459 (diseases of the circulatory system) and code 798 (sudden death, cause unknown).
Oral glucose tolerance test OGTTs were carried out in the morning (7:00-11:00 hours) as previously described [27] . Fasting venous blood glucose was sampled and 75 g of anhydrous glucose (Dextro OGT, Boehringer, Mannheim, Germany) was given.
Laboratory analyses Blood was collected with minimal stasis, refrigerated at 4-8°C and shipped in refrigerant packaging within 2-4 h to the laboratory of Augsburg Central Hospital. Blood glucose was measured using a hexokinase method (Gluco-quant, Roche Diagnostics, Mannheim, Germany). HbA 1c was assessed using a turbidimetric immunological assay (Tina-quant, Roche Diagnostics). Total cholesterol was measured using the CHOD-PAP (Roche Diagnostics) and HDL-cholesterol using the phosphotungstic acid method (Boehringer). Triacylglycerols were measured using the GPO-PAP assay (nonfasting conditions in participants with diabetes) [27] .
Anthropometric measurements and interviews Waist circumference was measured at the minimum abdominal girth. Blood pressure was measured three times as previously described [20, 29] ; the mean of the second and third measurement was used for the analysis. Hypertension was defined by ≥160/ ≥95 mmHg or known hypertension treated by antihypertensive agents. Medical history was assessed in a structured interview and included the use of prescription drugs. Regular smoking, high alcohol intake and physical activity level were defined as previously reported [29, 30] . Cardiovascular disease was defined as the need for hospital treatment of myocardial infarction and/or stroke [29, 30] . The metabolic syndrome was defined by the revised Adult Treatment Panel III criteria [31] .
Classification of medications with possible influence on HRV Drug classes that potentially increase HRV (positive effect) included angiotensin-converting enzyme inhibitors, angiotensin II (type 1) receptor blockers, β1-selective β-receptor blockers without intrinsic sympathomimetic activity (ISA), nonselective β-receptor blockers without ISA (carvedilol), digitalis glycosides and parasympathomimetic and sympatholytic drugs. Drug classes that potentially decrease HRV (adverse effect) included β1-selective β-receptor blockers with ISA, nonselective β-receptor blockers with ISA, tricyclic antidepressants, serotonin noradrenaline reuptake inhibitors (SNRIs; venlafaxine), selective serotonin reuptake inhibitors (SSRIs), anticholinergic and sympathomimetic drugs, and typical and atypical neuroleptics. Agents with no clear effect on HRV (neutral) included calcium channel blockers, nonselective β-receptor blockers without ISA and class III antiarrhythmics (sotalol).
Heart rate variability ECGs (lead II and lead V2 simultaneously) were recorded in the supine resting position over a period of 5 min (sample frequency 500 Hz) as previously described [32] . In brief, time series of heart rate (tachograms) consisting of beat-to-beat intervals (R-R intervals) were extracted from the 5 min ECG recordings. Ectopic beats (ventricular or supra ectopic beats) and artefacts within the tachograms were detected and replaced by interpolated 'normal' beats by applying an adaptive filter to generate normal-to-normal (NN) interval time series [33] . A total number of 120 HRV variables (time domain, 15 indices; frequency domain, 15 indices; NLD, 90 indices using eight different methods) were determined by applying linear and nonlinear HRV analysis methods to the filtered tachograms. Calculations of the HRV indices were performed containing an in-house software package [34] [35] [36] .
Linear HRV analysis For a detailed description, see previous reports [32, 37] . Nonlinear HRV analysis For a detailed description, see the previous report [32] .
Symbolic dynamics This involved determining the FWShannon (Shannon entropy of the word distribution [WD]), Forbword (forbidden words: number of seldom or never occurring word types with p < 0.001), wpsum02 (relative portion (sum/total) of words consisting only of the symbols '0' and '2'), wpsum13, wsdvar (SD of the word sequence), plvar2 (portion of low-variability NN patterns <2 ms), phvar2 (portion of high-variability NN patterns <2 ms), plvar5, phvar5, plvar10, phvar10, plvar20, phvar20, FWRenyi0.25 (Renyi entropy of the word distribution with α=0.25) and FWRenyi4. Auto-correlation function This involved determining a21RRcor (slope of the auto-correlation function [acor] ) from the maximum of acor (tau=0) to the subsequent value (tau= 1), a31RRcor (tau=2), x2peakRRcor (location of the greatest auxiliary maximum of the auto-correlation function), y2peakRRcor (amplitude) and amax21RRcor (slope of the auto-correlation function [acor] from the maximum of acor to the greatest auxiliary maximum of acor).
Short-term symbolic dynamics
Poincaré plot The SD of the short axis (SDSA) and the SD of the long axis (SDLA) of the Poincaré plot were determined, and used to calculate the SDSA/SDLA ratio.
Segmented Poincaré plot analysis This included 27 indexes, as previously described [32] .
QT interval variability This was determined using the calcu-
Statistical analysis Continuous data were expressed by the median (interquartile range). Differences between groups were analysed using the Wilcoxon test. Qualitative data were described by frequency tables with 95% CIs and analysed using Fisher's exact test. To reduce skewness and to approximate normality, Yeo-Johnson transformation was used for the regression of the HRV variables and QTVI with age, sex, BMI and drugs potentially increasing or decreasing HRV and those without a clear effect on HRV [38] . The resulting regression line was used to define the lower and upper limits of normal for all HRV indices and QTVI at the 5th and 95th percentile of the NGT population, respectively. Since strong correlations were found between some HRV variables, one of us (A. Voss) selected 62 indices from the original 120 indices for the primary analysis. The rates of abnormal indices (<5th or >95th percentile) were compared between the NGT and k-DM groups using the Wilcoxon test. P values were adjusted for multiple comparisons using Bonferroni correction. The approach of ≥ two abnormal HRV variables out of four indices from four different HRV classes was used as the primary analysis to estimate the prevalence of CAND in the six groups studied. The corresponding p values were also corrected using the Bonferroni method. Multivariate linear regression analysis was performed to examine which risk factors are independently associated with the indices of HRV and QT variability as dependent variables. The latter were transformed using the Yeo-Johnson transformation [35] to account for skewness and approximate normality, followed by a stepwise model selection, starting with the full model and minimising the Akaike information criterion. Independent variables in the full model included age, sex, BMI, waist circumference, heart rate, physical activity, smoking, alcohol intake, dietary habits, hypertension, cardiovascular disease, drugs potentially increasing or decreasing HRV and those without a clear effect on HRV (3 groups), glucose tolerance status, HbA 1c , serum triacylglycerols, HDL-cholesterol, LDL-cholesterol, creatinine and uric acid. Logistic models including risk factors identical to those remaining in the multivariate linear regression end models for HRV indices <5th percentile including the AUC with asymptotic 95% CIs, sensitivity, specificity, and positive and negative predictive values (PPV, NPV) were computed to obtain a screening score for CAND. All statistical tests were two-sided, and significance was set at α=0.05.
Results
Demographic and clinical characteristics of the six groups studied are shown in Table 1 . BMI, waist circumference, triacylglycerols, and the rates of hypertension and the metabolic syndrome were higher in all other groups than in the NGT group. Age and the proportions of participants taking antihypertensive agents, drugs without a clear effect on HRVor those which may increase HRV were higher in the i-IGT, IFG-IGT, n-DM, and k-DM groups than in the NGT group. The proportion of males was higher, HbA 1c was higher and HDLcholesterol was lower in the i-IFG, IFG-IGT, n-DM and k-DM groups than in the NGT group. Heart rate was higher in the IFG-IGT, n-DM and k-DM groups than in the NGT group. LDL-cholesterol was higher in the k-DM group and serum creatinine was higher in the i-IFG and IFG-IGT groups than in the NGT group. Compared with the NGT group, the proportion of regular smokers was lower in the i-IGT group, the level of physical activity was lower in the n-DM and k-DM groups, prior hospitalisations due to myocardial infarction were more common in the k-DM group and the rates of participants taking drugs that may reduce HRV were lower in the i-IFG group. The proportion of individuals treated with statins was higher in the k-DM group than in the NGT group. No significant differences between the NGT group and all other groups studied were noted for high alcohol intake and prior hospitalisations due to stroke. Among participants with k-DM, 71.5% received pharmacotherapy, 56.1% were treated by oral glucose-lowering drugs and 23.1% were treated by insulin. All-cause and cardiovascular mortality were higher in the k-DM group than the NGT group; all-cause mortality was also higher in the n-DM group than the NGT group. After Bonferroni correction, 17 out of 62 HRV indices were more frequently abnormal in the k-DM group than the NGT group. These rates and those for QTVI with 95% CIs are listed in Table 2 . Only Renyi4 and TP showed higher rates of abnormal values in the i-IFG, IFG-IGT and n-DM groups than the NGT group. RMSSD, LF power and SDSA were more frequently abnormal in the IFG-IGT and n-DM groups than the NGT group. SDLA was more frequently abnormal in the i-IFG and IFG-IGT groups than the NGT group. The percentage of abnormal SDANN1 was higher in the i-IFG and n-DM groups than the NGT group, and the percentage of those with abnormal compression entropy (LZ77W3/LAB3) was higher only in the n-DM group compared with the NGT group. The rates of abnormal QTVI did not differ between the NGT and the other groups.
To obtain the prevalence of abnormalities for a combination of HRV indices, four single indices from four different HRV classes showing the best discriminatory value between the NGT and the other groups were selected including Renyi4 (time domain), TP (frequency domain), SDSA (Poincaré plot) and SD of the word sequence (symbolic dynamics).
The results of the degree (severity) of CAND computed on the basis of the number of abnormal indices from one to four are presented in Table 3 . The approach of ≥ two out of four abnormal variables gave a useful estimate of the prevalence of CAND as <5% in the NGT population. Using this definition, the prevalence of CAND increased from 4.5% in the NGT group to 17.5% in the k-DM group and was significantly higher in the i-IFG, IFG-IGT, n-DM and k-DM groups compared with the NGT group. The definition of ≥ one out of four indices being abnormal gave higher rates of abnormalities in the IFG-IGT, n-DM and k-DM groups than in the NGT group, but the rate of 10.7% in the NGT group was excessively high. The definition of ≥ three out of four abnormal indices gave higher rates of abnormalities only for the n-DM and k-DM groups vs the NGT group, while the constellation of all four indices being abnormal gave a difference only for the k-DM group vs the NGT group.
The results of multiple linear regression analysis to define the risk factors associated with four HRV measures from four different classes and QTVI in the entire study population are shown in Table 4 . Deterioration in all five indices was Table 2 Percentages (95% CIs) of abnormal indices of HRV and QT variability index associated with increasing heart rate and the presence of hypertension. Lower RMSSD, HF power, SDSA and compression entropy were associated with lower BMI and the use of drugs that may reduce HRV. Lower HF power and compression entropy were associated with increasing age, male sex and a higher HbA 1c . Deterioration in RMSSD and SDSA was related to an increase in serum creatinine. Apart from heart rate and the presence of hypertension, a rise in QTVI was associated with an older age and lower physical activity.
The association between three measures of HRV and smoking did not achieve statistical significance in the remaining models.
To obtain a screening score for the prediction of CAND in clinical practice, the variables included in the final models shown in Table 4 were entered into logistic models for HRV indices <5th percentile. The highest AUC was obtained for RMSSD (0.86) and SDSA of the Poincaré plot (0.85; Table 5 ).
The corresponding intercepts were −10.7 and −10. Table 6 shows the 7 year all-cause and cardiovascular mortality in individuals with HRV indices from three different classes at <5th percentile compared with those ≥5th percentile of the NGT population. All-cause mortality was significantly higher in individuals with HRV <5th percentile than in those ≥5th percentile, with the three indices showing identical results. Cardiovascular mortality was significantly higher in persons with Renyi4 and SDSA <5th percentile than in those with Renyi4 and SDSA ≥5th percentile, while no such difference was noted for TP. 
Discussion
This study, conducted in the general population aged 55-74 years, shows higher prevalence rates of CAND not only in individuals with known diabetes (17.5%) but also in those with combined IFG-IGT (11.4%) and n-DM (11.7%) compared with the NGT group (4.5%). The most useful novel HRV measure to differentiate between the NGT group and the five groups of glucose intolerance was Renyi4, which generally quantifies the diversity, uncertainty or randomness of a system. It is conceivable that Renyi4 was particularly sensitive because it considers both linear and nonlinear influences, which are characteristic of CAND. Among the nonlinear approaches, the Poincaré plot was more useful than compression entropy. The latter is another marker of complexity [39] , but is more sensitive to nonlinear than linear variability. In contrast to Renyi4, compression entropy does not evenly consider both influences, which may explain its lower sensitivity (for further details, see electronic supplementary material [ESM]). Finally, modifiable cardiovascular risk factors associated with reduced HRV, including heart rate, BMI, hypertension, smoking, serum creatinine and use of drugs suppressing HRV, can be integrated in a simple score to screen for CAND in clinical practice.
Nine population-based studies assessing the relationship between HRV and glucose intolerance have been published [8] [9] [10] [11] [12] [13] [14] [15] [16] . While some studies have demonstrated reduced measures of HRVor heart rate in persons with IFG compared with those with NFG [8] [9] [10] , others showed no such differences [11] [12] [13] [14] [15] . Moreover, these studies did not evaluate the complete spectrum of glucose intolerance, i.e. either persons with IFG but not IGT were included [8-11, 13, 14] or vice versa [15, 16] , or no NFG/NGT population was included [14] and participants with IFG/IGT and diabetes were mixed [14] .
A novel finding of this study was the higher rate of abnormal HRV for six indices in the combined IFG-IGT group vs the NGT group. The former group shows the highest risk of progression to type 2 diabetes: 70.4 per 1,000 person-years, compared with 47.4 per 1,000 person-years for the IFG group and 45.5 per 1,000 person-years for the IGT group [40] . Thus, the IFG-IGT group is in jeopardy of additive risk arising from diabetes and autonomic dysfunction. Models for prevention policies on future diabetes prevalence in the USA suggest a 'high-risk' strategy for IFG-IGT persons, who should receive structured lifestyle intervention [41] . We also observed a higher rate of abnormal HRV for four indices in the i-IFG but not the i-IGT group compared with the NGT group. However, when CAND was defined by ≥ two abnormalities out of four HRV indices, Bonferroni correction abolished statistical significance for both of the comparisons i-IFG (8.1%) vs NGT (4.5%) and n-DM (11.7%) vs NGT. However, we believe that these differences are clinically relevant, since the rates were 1.8-fold and 2.6-fold higher than in the NGT population, respectively.
The strengths of the present study are the population-based approach; the relatively large sample size; inclusion of the complete spectrum of glucose intolerance with the opportunity to discriminate between five different categories; the selection of the most useful measures from a comprehensive array of 120 HRV indices derived from two linear and eight nonlinear techniques as well as QT variability; the use of normal limits for HRV adjusted for the most important confounders including drugs that may lower or increase HRV; and the detailed metabolic phenotyping. This study also has some limitations. First, the cross-sectional design does not provide any insight into causality and prediction, but this was not intended. Second, sample sizes were different between groups as a result of distribution in the population studied. Thus, the relatively low number of individuals included in the i-IGT and n-DM groups could represent a potential source of bias. Indeed, the i-IGT group somewhat differed from the other glucose intolerant groups inasmuch as it included a higher number of women and lower number of regular smokers, persons with the metabolic syndrome and those with previous hospitalisation due to myocardial infarction. For example, a recent meta-analysis reported that HRV is reduced in women with the metabolic syndrome compared with those without [42] . Taken together, we cannot rule out the possibility that these differences may have contributed to the relatively low percentage of abnormal HRV measures in the i-IGT group. Third, since the age range of the sample studied herein was 55-74 years, the study results may not be readily extrapolated to younger populations. We also show that modifiable cardiovascular risk factors are associated with reduced HRV. These factors 'explained' 25% of the variance in compression entropy (LZ77W3/ LAB3) and 23% of the variance in RMSSD or SDSA. Hypertension was among the risk factors most consistently associated with low HRV and a higher degree of physical activity was associated with lower QTVI, which is considered a potential determinant of ventricular arrhythmias and cardiac mortality [43] . Therefore, antihypertensive treatment with agents that may augment vagal activity and reduce QT variability may be beneficial in patients with low HRV and high QT variability [44] .
For practical purposes, we constructed a simple screening score comprising heart rate, BMI, hypertension, smoking, serum creatinine and the use of drugs suppressing HRV to predict the individual likelihood of diminished HRV. The highest AUC was obtained for RMSSD (0.86) and SDSA (0.85), with good sensitivity (0.79/0.78), very good specificity (0.81/0.83) and excellent NPV (0.98). Thus, particularly if the score result is negative, the presence of CAND can be ruled out with a high degree of certainty. A similar 'risk score' has recently been developed in a Chinese population, but its AUC (0.73), sensitivity (0.69) and specificity (0.78) were somewhat lower than ours [45] . Such simple screening scores could be used in clinical practice if equipment for measuring HRV is not readily available, but further validation is needed.
The associations between low HRV and modifiable cardiovascular risk factors observed herein also suggest that both could be amenable to lifestyle modification. In the Diabetes Prevention Program, lifestyle intervention in persons with IFG or IGT resulted in a decrease in heart rate and increase in HRV over 4 years [46] . An 8 week exercise intervention was associated with improvement in the components of the metabolic syndrome and HRV variables [47] .
In conclusion, using a comprehensive array of different classes of HRV variables in the general population aged 55-74 years, we demonstrated a higher prevalence of CAND in participants with k-DM and n-DM, as well as a particularly higher prevalence in those with combined IFG-IGT and modest increase in persons with isolated IFG as opposed to those with isolated IGT. Reduced HRV was associated with higher mortality and modifiable cardiovascular risk factors. Strategies aimed at reducing cardiovascular risk by effective lifestyle intervention may exert favourable effects on autonomic dysfunction and presumably ultimately also on cardiovascular mortality.
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